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Osaka University, Osaka, JapanABSTRACT Even in the absence of guidance cues, chemotactic cells are often spontaneously motile, which should accom-
pany a spontaneous symmetry breaking inside the cells. A shallow chemoattractant gradient can induce these cells to move
directionally without much change in cell morphology. As the gradient becomes steeper, the accuracy of chemotaxis increases.
It is not clear how the steepness is expressed or encoded internally in the signaling network, which in turn coordinately activates
the motile apparatus for chemotaxis. In Dictyostelium cells, self-organizing polarization activities in the signaling network have
been reported. In this paper, we conducted a theoretical study of the response of this self-organizing system to guidance cues.
Our analyses indicate that self-organizing systems respond sharply to a shallow external gradient by increasing the precision of
polarity direction and modulating the frequency of self-polarization. We also show how the precision increase and frequency
modulation are achieved. Our results indicate that self-organizing activity, independent of external cues, is the basis for the
sensitive and robust response to shallow gradients. Finally, we show that the system can sense the direction of space-time
waves of a stimulus, for which Dictyostelium cells exhibit chemotaxis in the developmental process.INTRODUCTIONThe ability of cells to sense an external chemical gradient is
essential to cellular functions such as chemotaxis and other
diverse processes (1). Eukaryotic cells such as leukocytes,
neurons, and amoebae detect differentials in the concentra-
tion of chemicals along their periphery, without rapid motile
translocation. A concentration differential of a few percent
across a cell body of a few tens of micrometers can be
sufficient to induce directional migration. In addition, the
gradient information must be maintained in the presence
of noise in the signaling network and amplified sufficiently
for downstream processes to produce directional migration
(2,3). What type of gradient sensing mechanism can afford
such astonishing sensitivity in noisy cellular systems?
In Dictyostelium discoideum, several signaling pathways
have been identified to mediate chemotaxis in parallel (4–6).
Among them, the phosphatidylinositol (PtdIns) lipids reac-
tion is the key signaling event responsible for chemotaxis
in a shallow chemoattractant gradient (7). The PtdIns
signaling pathway also works for chemotaxis in other
eukaryotic cells (8). Along a chemoattractant gradient,
phosphoinositide-3-kinase (PI3K) catalyzes the productionSubmitted April 13, 2013, and accepted for publication September 23, 2013.
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0006-3495/13/11/2199/11 $2.00of PtdIns(3,4,5)P3 from PtdIns(4,5)P2 at the membrane
region facing the higher chemoattractant concentration,
whereas the phosphatase and tensin homolog (PTEN) cata-
lyzes the reverse reaction in the membrane region facing
the lower concentration. As a result, accumulation of
PtdIns(3,4,5)P3 induces actin polymerization to form a
pseudopod in the region of higher chemoattractant, leading
to chemotaxis. However, accumulation of PtdIns(3,4,5)P3
can be induced even in the absence of a gradient. Dictyoste-
lium cells exhibit random cell migration using the same
motility apparatus (9–12). We hypothesized that some
type of intracellular signaling must be spontaneously
produced at random positions to polarize and activate the
motility apparatus.
Spontaneous activity of chemotaxis systems in the
absence of a chemical gradient have been reported previ-
ously, including cell motility (13,14), actin waves (15–17),
and formation of PtdIns(3,4,5)P3–localized domains (18–
22). We reported recently that the PtdIns lipids system is
responsible for generating spontaneous signals that pro-
mote random cell migration (21). In the absence of an
external gradient, the PtdIns lipids system can self-orga-
nize to produce a domain of high PtdIns(3,4,5)P3 concen-
tration on the membrane (21,23), as shown in Fig. 1 A and
B. The domain exhibits a variety of spatiotemporal dy-
namics, such as persistent domain formation, that lasts
for more than 30 min (Fig. 1 A, left), and transient domain
formation lasts 10 s to 1 min (Fig. 1 B, left). We have
proposed a model to explain the mechanism of these
self-organization activity, which was developed based on
spatiotemporal statistical analysis of fluorescence imagehttp://dx.doi.org/10.1016/j.bpj.2013.09.024
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FIGURE 1 Self-organization of the PtdIns
signaling reaction. (A,B) The intensities of PH–
GFP along the membrane are plotted with the angle
q and time t, before (left) and after (right) applying
cAMP gradients. (A) Persistent formation of PH-
GFP–enriched domains. The cells were treated
with 4 mM caffeine. (B) Transient formation of
PH-GFP–enriched domains.
2200 Shibata et al.data of single cells (23). This model exhibits a variety of
behaviors (Fig. 2 B–D). In particular, the model repro-
duces two kinds of behaviors that were observed experi-
mentally (compare Fig. 1 A and B and Fig. 2 C and D in
the absence of gradient): first, PtdIns(3,4,5)P3–enriched
domains form transiently at random positions (Fig. 2
D); and second, the domains form persistently and travel
on the membrane (Fig. 2 C). These behaviors are related
to excitable and oscillatory properties of the local
signaling reaction (23). Therefore, depending on the
parameter values, this model shows the three types of be--
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Biophysical Journal 105(9) 2199–2209haviors in the absence of a gradient: 1) quiescent state
(Fig. 2 B for the first 30 min); 2) transient domain for-
mation (Fig. 2 D for the first 30 min); and 3) persistent
domain formation (Fig. 2 C for the first 30 min). Since
PtdIns(3,4,5)P3 guides the pseudopod position, self-orga-
nizing domains can function as preformed internal guid-
ance or an intrinsic compass, independent of external
cues. How does this self-organized compass respond to
external gradients? In particular, can such self-organized
activity contribute to high sensitivity to a shallow
gradient? In this paper, we conducted a theoretical study5% 10%
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Internal encoding of external cue in chemotaxis 2201of the response of the self-organizing PtdIns lipids
signaling system to external gradients.
Numerous mathematical models have been proposed to
elucidate the mechanisms of gradient sensing (24). In partic-
ular, mechanisms involving self-organizing behaviors have
been proposed on the basis of nonlinear mechanisms of
wave generation (25), bistability (26), phase separation
(27), and excitability (23,28,29). In this paper, based on
the model proposed previously, we show that the self-orga-
nizing system can exhibit sharp responses to shallow gradi-
ents of external chemoattractant. The system accomplishes
this by increasing the positional precision of the localized
signaling domain and modulating the frequency at which
these domains are formed. We also show how the precision
and frequency can be modulated. Thus, we demonstrate that
the self-organizing activity in the absence of cues is a basis
for the high degree of responsiveness to external gradients.
Finally, we show that the system can also sense the direction
of space-time waves from a stimulus, which is a critical
ability in Dictyostelium development. The essential aspect
of our result is not restricted to the gradient sensing of
Dictyostelium but can be also applicable to eukaryotic
chemotaxis of mammalian cells and gradient sensing in
diverse systems.MATERIALS AND METHODS
Cell preparation
Cell construction and growth conditions were as described previously
(21). Before fluorescence imaging, cells expressing PHAkt/PKB-EGFP were
starved by suspension in development buffer (DB: 5 mM Na phosphate
buffer, 2 mM MgSO4, 0.2 mM CaCl2, pH 6.3) for 1 h, and pulsed with
10 nM cAMP at 6-min intervals for up to 3.5 h, leading to the polarized
cell shape that indicates chemotactic competency. Cells shown in Fig. 1 A
and B were then settled in DB in the presence of 4 mM caffeine and 5 mM
latrunculin A (L5163, Sigma; Fig. 1 A), and in the presence of 5 mM latrun-
culinA (Fig. 1B), and incubated for 20min. For caffeine-free cells (Fig. 1B),
cell density was kept under 5  103 cells/mL to eliminate cell-to-cell inter-
actions via secreted cAMP. In Fig. 1 A, for the first 20 min, cells were
observed without cAMP stimulation. For the last 20 min, a cAMP gradient
was applied to the same cells by micropipette filled with 1 mM cAMP (see
Microscopy). In Fig. 1 B, for the first 5 min, cells were observed without
cAMP stimulation. For the last 5 min, a cAMP gradient was applied to the
same cells by a micropipette filled with 0.1 mM cAMP. After image acquisi-
tion in the absence of the cAMP stimulus, the micropipette was positioned
manually. Fluorescence data were not obtained during this operation.Microscopy
Confocal imaging was performed by inverted microscopes (TiE, Nikon,
Japan) equipped with a spinning disk confocal unit (CSU X1, Yokogawa,
Japan). PHAkt/PKB-EGFP was excited by 488 nm solid-state lasers. Fluores-
cence images were acquired by EMCCD camera (iXonþ, Andor, Belfast,
Northern Ireland). Images of PHAkt/PKB-EGFP expressing cells were taken
every 3 s. The cAMP stimulation was performed using a micropipette
(FemtoTips, Eppendorf, New York) filled with cAMP and Alexa 555, pres-
surized at 100 hPa using an injector (FemtoJet, Eppendorf). The formation
of the cAMP spatial gradient was confirmed by dye imaging. Image anal-
ysis was performed using Matlab (Mathworks, Natick, MA).The theoretical model
The state of the system is described by the membrane concentrations of
PtdIns(3,4,5)P3 (P3), PtdIns(4,5)P2 (P2), membrane PTEN (E), and cytosol
PTEN (Ec), denoted by P3, P2, E, and Ec, respectively. The reaction kinetics
and their rates were described previously (21,23).Here, V1, K1, V2, K2, l3, k, l2, Vass, K4, K5, and lE are reaction constants.
Reactions 1 and 2 are the enzymatic reactions of PTEN and PI3K, respec-
tively. Reactions 3 and 5 are the degradation reactions. Reaction 4 is a
supply reaction for P2. Reactions 6 and 7 are the membrane association
and dissociation reactions of PTEN. The association rate depends on both
concentrations of P3 and P2 as described previously (23). Reactions 2 and
7 depend on the chemoattractant stimulus, where the parameter a describes
the chemoattractant-dependent membrane activity. Under linear gradients
with D% steepness in the cell length (diameter 2R), we supposed that
a ¼ a(q) is given by
aðqÞ ¼ 1þ D
100
1
2
cos q: (1)
The diffusion constants in the cytosolic region are much faster than the
diffusion constants on the plasma membrane (for PTEN, see 30,31).
Because of this fast diffusional transport in the cytosol, the cytosol concen-
tration of E is approximately given by Ec ¼ Et  cE, where Et is the total
concentration of E, E is the instantaneous space average of E, and c is
the constant used to change the membrane to the cytosol concentrations.
Diffusional transport on the plasma membrane is included for P2 and P3
with diffusion constant DP, and E with DE. For the parameter values, we
used the same value of the previous reports (21,23), which are indicated
in the figure legends.
All simulations were performed using a stochastic algorithm. For con-
venience, we show the differential equation corresponding to the above
reaction scheme as
vP3
vt
¼ V1E P3
K1 þ P3 þ V2aðqÞ
P2
K2 þ P2  l3P3 þ DEDP3
(2)
vP2 ¼ V E P3  V aðqÞ P2 þ k  l P þD DP
vt
1
K1 þ P3 2 K2 þ P2 2 2 P 2
(3)
vE ¼ V E K4 P2  l aðqÞEþ D DE: (4)
vt
ass c
K4 þ P3 K5 þ P2 E E
For wave sensing, we introduced an adaptation motif upstream of the
PtdIns lipid reaction. We did not aim to present a model that accounts forBiophysical Journal 105(9) 2199–2209
2202 Shibata et al.the detailed biochemistry of the adaptation motif, but rather one that cap-
tures the essential characteristics of spatial and temporal behaviors of the
modulation in the PtdIns lipid signaling reaction. When a concentration
wave of chemoattractant is present, for the membrane activity a(q), we
considered the following differential equation:
vaðq; tÞ
vt
¼ 1
t
 
cðq; tÞ
bðtÞ  aðq; tÞ
!
vbðq; tÞ
vt
¼ cðq; tÞ  bðq; tÞ
(5)
where a(q,t), b(q,t), and c(q,t) are the membrane activity, an additional
variable and the chemoattractant concentration at position q and time t,
respectively (32). In the first equation, bðtÞ is the average of b(q,t) with
respect to the position q at a given time t. The wave of chemoattractant
concentration was given by
cðq; tÞ ¼ c0 þ c1e
m cos½2pðt=TxðqÞ=XÞ  em
em  em ; (6)
with
xðqÞ ¼ R cosð2pqÞ;
where c0 and c1 are the minimum and maximum concentrations, respec-
tively; m determines the steepness of the gradient; T and X give the time
and space period of the wave, respectively; and R is the radius of the cell.0 500
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For numerical simulations, we studied a one-dimensional system along the
membrane. The radius of the cells, R, was set at 5 mm, which is typical for
latrunculin A treated cells. For the stochastic simulation, we used the Esti-
mated-Midpoint t-leap Method (33) with 100 grids and a constant time step
Dt ¼ 0.0005 s. To obtain the concentration at each grid, the molecular
numbers were divided by the grid size Dx (mm) or 1  Dx (mm2). For the
numerical simulation in Eq. (5), we used the implicit Euler scheme with
the same constant time step Dt ¼ 0.0005 s.The precision of domain formation
In Fig. 3 D, the precision of domain formation was characterized by the
inverse of the circular standard deviation. The circular standard deviation
is given by sD ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2 log Rp with R ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃcos q2 þ sin q2q , where q is the
direction of domain and the over line indicates the statistical average.RESULTS
Gradient responses of Dictyostelium cells
We studied the response of the PtdIns lipid system to extra-
cellular cAMP gradient by monitoring the distribution
of PtdIns(3,4,5)P3 using the EGFP-labeled PH-domain of
Akt/PKB (PH-GFP). In Fig. 1 A, we showed the responses
of cells treated with 4 mM caffeine to inhibit cell-to-cell100
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FIGURE 3 Responses of the transiently formed
domain to external gradient. (A) Time series of
domain formation in the case of spontaneous tran-
sient domain formation for 0% and 2% external
gradients. Green and red lines indicate the ampli-
tude P and angle D, respectively, of the center
of [PIP3] distribution along membrane. (B) Sche-
matic diagram of center of PtdIns(3,4,5)P3 distri-
bution. The circle indicates a cell. At each angle
q on membrane, PtdIns(3,4,5)P3 concentration is
a function of q, r(q), which is schematically indi-
cated by green around the cell. The amplitude P
and angular direction D are in polar coordinates,
which are defined as PeiD ¼ #rðqÞeiqdq. (C) The
distribution of domain position for 0% (red) and
2% (green) gradients. We considered that domains
were formed when P crosses the threshold from
lower to larger values of the threshold (150).
Gray line is the circular normal distribution with
the concentration parameter 2.27. (D) The inverse
of the circular standard deviation of angleD around
the average D ¼ 0 and the average of amplitude
P of the center plotted against the steepness of
the external gradient. (E) Fraction of time that P
is larger than the threshold value (150) plotted
against the steepness of the external gradient. Insert
shows the frequency that P crosses the threshold
from lower to larger values plotted against the
steepness. (F) Distribution of the time duration
that P is larger than the threshold value (150) for
different steepness values.
Internal encoding of external cue in chemotaxis 2203interactions via secreted cAMP. A PH-GFP–enriched
domain was persistently produced as reported previously
(21). In the absence of a chemoattractant (cAMP) gradient,
the domain showed a traveling motion. When a cAMP
gradient was applied, the domain position was biased along
the gradient. Interestingly, the domain kept its traveling mo-
tion within a restricted region and exhibited zigzag patterns.
In Fig. 1 B, we showed the responses of cells without
caffeine treatment. In the absence of gradient (Fig. 1 B,
left), a PH-GFP–enriched domain were formed transiently
at a random position as has been reported previously
(18,23). We then applied gradients to the same cells using
a micropipette containing cAMP (see Materials and
Methods). When a gradient was applied, the PH-GFP-
enriched domain was oriented to the source of cAMP, as
has been well documented in previous studies (34). Interest-
ingly, the domains under gradients were formed still
transiently. In these cases, we found that the gradient re-
sponses still retain the properties of spontaneous domain
formations, even in the presence of gradient.
It has been demonstrated quantitatively that very shallow
gradients with a few percent of steepness in the cell length
can induce chemotaxis, and the chemotaxis accuracy in-
creases with the steepness of gradient (35). With the self-
organization activities in this chemotaxis signaling system,
how do cells achieve such high sensitivity, and how does
the steepness information quantitatively modulate the intra-
cellular processes so that the chemotaxis accuracy increases
with the steepness? Motivated by the observations, in the
following sections, we develop a mathematical model to
study theoretically the gradient response of the self-organi-
zation system.Modeling gradient response by self-organized
PtdIns lipid signaling
To elucidate the mechanism for highly sensitive gradient
sensing, we studied a model of self-organized formation
of PtdIns(3,4,5)P3–enriched domains (23).We introduced
chemoattractant-dependent regulations into the model that
was published previously to explain the spontaneous activ-
ity of this singling reaction (21,23). The reaction scheme
was based on the cyclic phosphorylation and dephosphory-
lation of PtdIns(4,5)P2 and PtdIns(3,4,5)P3, the attachment
and detachment of enzymes from the membrane, and diffu-
sional transport of the lipids and enzymes through both
membrane and cytosol (Fig. 2 A; Materials and Methods).
We also considered chemoattractant-dependent effects in
the phosphatidylinositol lipid reaction. We first considered
PI3K membrane activity to be dependent on the stimulus
(dotted line (a) in Fig. 2 A). The activity of PI3K, probed
by the PtdIns(3,4,5)P3–binding domain, exhibits adaptation
kinetics for step-wise increases of cAMP concentration
(36,37). Situated in a gradient, PI3K shows localized activ-
ity only at the leading edge of the cell. Recently, a networkmotif upstream of PI3K that includes Ras was found to show
adaptation kinetics in response to step-wise increases in a
chemoattractant stimulus (38). Theoretically, when within
a gradient, a cell’s adaptation kinetics with a cell global
regulator can produce an intracellular gradient of activity
in which the activity is elevated from baseline at one side,
lower than baseline at the other side, and almost the same
as the baseline level in the middle region of cell. This space
and time characteristic has been proposed to be explained
by the LEGI model (39,40). Therefore, in our model, the
membrane PI3K activity in the region facing the higher
chemoattractant concentration is supposed to be higher
than the baseline level, and activity on the other side to be
lower than baseline (see Materials and Methods for mathe-
matical expressions). PTEN shows membrane unbinding in
response to the stimulus, even without PI3K (41), and it
shows localization at the region of the membrane facing
the lower end of the gradient (42). Thus, we supposed that
PTEN affinity for the membrane is also dependent on the
chemoattractant, similarly to but independent of PI3K
(dotted line (b) in Fig. 2 A; see Materials and Methods).Sharp response to an external gradient
in self-organized PtdIns reaction
As mentioned in Introduction, in the absence of gradient,
this model exhibits three types of behaviors: 1) quiescent
state, 2) transient domain formation, and 3) persistent
domain formation. In Fig. 2 B–D, the responses to 1% to
10% external gradients were plotted with time for the three
cases described above. For all cases, internal gradients of
PtdIns(3,4,5)P3 were generated. The time-average of the
spatial profiles of PtdIns(3,4,5)P3 concentration under 5%
external gradients are plotted in Fig. 2 E. The dependence
of the internal gradient on the external gradient is shown
in Fig. 2 F. When a gradient was applied to the quiescent
state (first case) as shown in Fig. 2 B, an internal gradient
was produced, but it was shallow and membrane accumula-
tion of PtdIns(3,4,5)P3 was not obvious (Fig. 2 E, blue). The
average steepness of the internal gradient increased linearly
in proportion to the steepness of the external gradient (Fig. 2
F, blue). The steepness of the internal gradient was larger
than the external gradient, indicating the presence of an
amplification effect, even in this case. In contrast, when
the PtdIns(3,4,5)P3 domains formed spontaneously, either
transiently or persistently (Fig. 2 D and C), the spontane-
ously formed domains were distributed along the external
gradient. The averaged spatial profile of PtdIns(3,4,5)P3
was much steeper than in the case without spontaneous
domain formation (Fig. 2 E, green and red), indicating
that the self-organized domain formation plays a positive
role in sensing the gradient. In the case of transient domain
formation, for steep gradients, domains are persistently
formed on the membrane region facing the higher chemoat-
tractant concentration. The increase in average internalBiophysical Journal 105(9) 2199–2209
2204 Shibata et al.steepness in relation to the external steepness could be
caused by increases in PtdIns(3,4,5)P3 concentration in
individual domains, precision of domain position, or fre-
quency of domain formation.0 5 10 15 200
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FIGURE 4 Gradient response without chemoattractant-dependent regu-
lation on PTEN. Here, we consider that only the total activity and concen-
tration of PI3K on membrane is dependent on the chemoattractant stimulus
(dotted line (a) in Fig. 2 A), but PTEN is independent of the chemoattrac-
tant. In the absence of a gradient, the transient domain of PtdIns(3,4,5)P3 is
formed as shown in Fig. 3 A (top). (A) Time series of domain formation for
5% external gradients. (B) Relative steepness in [PIP3] is plotted against the
external steepness. (C) Fraction of time that P is larger than the threshold
value (150) plotted against the steepness of the external gradient. Insert
shows the frequency that P crosses the threshold from lower to larger values
plotted against the steepness.Gradient steepness is encoded in accuracy and
frequency of domain formation
We next focused on the case in which domains are formed
transiently (second case, Fig. 2 C), that is, PtdIns(3,4,5)
P3–enriched domains are repeatedly formed with finite life-
times, even in the presence of extracellular gradient, as was
observed experimentally (Fig. 1 B, left).
To quantitatively characterize the domain formation in
the absence and presence of a gradient, we plotted the
time series of the center of the PtdIns(3,4,5)P3 distribution
(Fig. 3 A). The center is given by the amplitude P and angle
D in polar coordinates (defined as PeiD ¼ #rðqÞeiqdq, where
r(q) is the concentration of PtdIns(3,4,5)P3 on the mem-
brane at angle q (see Fig. 3 B)). The external gradient was
directed to q ¼ 0. Here, P indicates the asymmetry degree
in the PtdIns(3,4,5)P3 distribution and D is its direction.
When PtdIns(3,4,5)P3 is distributed uniformly, P is zero
and D shows no defined direction. As shown in Fig. 3 A,
when a domain is formed, P increases (green) and the
temporal fluctuation of direction D is reduced (red). We
see that domain formation is a stochastic process. Without
an external gradient, the positions of formed domains are
randomly distributed, whereas under the 2% gradient, the
positions of formed domains are biased toward the direction
of the gradient (D ¼ 0).
In Fig. 3 C, we plotted the distributions of D at the time
when a domain was formed (P rose above a given threshold
value). When there was no gradient, the position of the
domain formation was distributed uniformly (Fig. 3 C,
red). In contrast, for a 2% gradient, the position of the
domain formations was sharply distributed around the
direction of the gradient (Fig. 3 C, green).
Next we studied the dependence of the position precision
on the steepness of the external gradient (Fig. 3 D, blue
circle). The precision can be characterized by the inverse
of the circular standard deviation of domain position D,
which increases with steepness (see Materials and Method
for calculation). In contrast, the polarity intensity P was
relatively constant, indicating that this domain property is
less affected by the external gradient. Next, we studied the
frequency of domain formation, as measured by the fraction
of total time during which domains were forming (Fig. 3 E).
This fraction increases with the steepness of the external
gradient. The frequency of domain formation also increases,
for gradients up to 7% (Fig. 3 E, inset). In contrast, the life-
time of individual domains shows a small dependence on the
steepness, with a lifetime of ~10 s to one min (Fig. 3 F).
Therefore, the increase in the average steepness of the
intracelluar gradient results from an increase both in spatialBiophysical Journal 105(9) 2199–2209precision and temporal frequency modulation rather than an
increase in the PtdIns(3,4,5)P3 instantaneous intensity. On
the contrary, the PtdIns(3,4,5)P3 intensity is an intrinsic
property of the PtdIns lipid reaction, which is thus almost
independent of guidance cues.
Taken together, our results indicate that in gradient
sensing by self-organization systems, information about
the external gradient is spatially encoded in the position pre-
cision of signaling domains and temporally encoded in the
frequency of signaling domain formation. As gradient steep-
ness further increases, the time interval between the domain
formations is reduced and domains are persistently formed
on the membrane subjected to higher chemoattractant
concentration. Therefore, the internal steepness increased
rapidly with the external steepness for shallow gradients
and showed saturation at an extracellular gradient of
~15% (i.e., external steepness did not lead to further internal
steepness; Fig. 2 F, green and red).
Our model includes chemoattractant-dependent and
PtdIns(3,4,5)P3-independent regulation of both PI3K and
PTEN (lines (a) and (b) in Fig. 2 A). When we included
chemoattractant-dependent regulation of PI3K (lines (a) in
Fig. 1 C) but not of PTEN (without line (b) in Fig. 2 A)) in
the model, the domain position was biased toward the
gradient direction as shown in Fig. 4A. The relative steepness
of the PtdIns(3,4,5)P3 gradient formed on themembrane also
showed the same characteristics (Figs. 4 B). Its saturation
level was almost the same (Figs. 4 B and 2 E), although the
relative steepness reaches saturation at a steeper external
gradient than in the double-regulation case. The frequency
Internal encoding of external cue in chemotaxis 2205of domain formation also increases with the steepness of the
external gradient (Fig. 4 C). Thus, the gradient response was
qualitatively the same in both cases. Once a domain is
formed, its properties are inherently determined.The threshold for domain formation is polarized
along the gradient
As shown in Fig. 3 C (green), the frequency of PtdIns(3,4,5)
P3–enriched domain formation is higher at the anterior
region facing the higher concentration of chemoattractant.
In Fig. 5 A, we plotted the probability that a local membrane
region of a particular PtdIns(3,4,5)P3 concentration (hori-
zontal axis) at a time shows a domain formation, bothA
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FIGURE 5 Modulation of the threshold for domain formation along
gradient. (A) The probability that the state reaching P3 resulted in the for-
mation of a domain in the absence of a gradient (blue) or in the presence
of a 2% gradient (higher concentration side, green; lateral side, red)
Here, we calculated for a membrane region with a given value of P3(0) at
a given moment (t¼0), the probability that P3(t) reached and exceeded a
given threshold value (excitation; P3 ¼ 180) before returning to the initial
value P3(0). The result was not qualitatively dependent on the threshold
value. (B) Null-clines for dP2=dt ¼ 0 (black) and dP3=dt ¼ 0 (green) for
the situation without gradient. The ordinary differential equation is given
by Eqs. (2), (3) and (4) without the diffusion term. Here, E in Eqs. (2)
and (3) was adiabatically eliminated by substituting a function E ¼ E(P3,
P2), which was obtained by solving dE=dt ¼ 0 in Eq. (4), into Eqs. (2)
and (3). (C–E) Null-clines for the situation with 2% gradient (C: anterior,
D: lateral, E: posterior). The trajectories in the corresponding regions are
shown in red. (F) Schematic diagram of polarized excitability.without a gradient (cross) and with a gradient (anterior
side (circle), lateral side (asterisk), posterior side (plus
sign). The concentration at which the probability of domain
formation reaches 0.5 is lower at the anterior region in the
presence of a gradient (circle) than it is without a gradient
(cross). On the contrary, such concentration is larger at the
posterior region with a gradient (plus sign) than without a
gradient (cross). This indicates that the PtdIns(3,4,5)P3 con-
centration leading to a domain formation is lower in the
anterior region, and this region thus shows more frequent
domain formation.
To see the difference in the threshold level along the
gradient, we studied the interdependence between the con-
centrations of PtdIns(4,5)P2 and PtdIns(3,4,5)P3. Let P2
and P3 be the concentrations, respectively. In Fig. 5 B, we
plot the ‘‘null-clines’’ on which the rate of change in P2 or
P3 vanishes: dP2=dt ¼ 0 and dP3=dt ¼ 0 (black and green,
respectively.) When P2 or P3 passes across the null-clines,
one of the concentrations exhibits a change from an increase
to a decrease, or the opposite. At the crossing point of
two lines, the two concentrations are stationary without
changes (open circle in Fig. 5 B). When a small perturbation
is applied to P3 not to cross the null-cline given by
dP3=dt ¼ 0 (green line in Fig. 5 B), the concentrations
quickly return to the stationary state (open circle in Fig. 5
B). However, if the perturbation is sufficiently large for P3
to cross the null-cline, P3 shows a further increase until it
turns to decreasing again. Thus, the null-cline creates a
threshold. Such an autonomous change away from the
stationary state until it starts returning to the stationary state
is a characteristic behavior of excitable systems.
As the distance from the stationary state to the threshold
decreases, the reaction becomes more susceptible to excita-
tion in response to small perturbations. Because the produc-
tion rate of PtdIns(3,4,5)P3 and the membrane affinity of
PTEN are dependent on the position along the membrane,
the distance to the threshold can also depend on the position
along the membrane. In Fig. 5 C–E, the null-clines are
plotted for three different points along the membrane. Along
the gradient from posterior to anterior regions, the distance
from the stationary state to the null-clines decreases, indi-
cating that the state is more excitable in the anterior region
than the posterior region. The red lines are the traces of two
concentrations obtained at the corresponding three regions;
the anterior region is indeed more excitable than the poste-
rior region. In summary, under a gradient, the excitability is
polarized in a manner such that the anterior region is more
excitable than the posterior region (polarized excitability;
Fig. 5 F).
In the null-cline analysis, the effects of diffusional trans-
port are excluded. However, the diffusion through the
cytoplasmic region can give rise to interactions among
different membrane regions. For instance, the formation of
PtdIns(3,4,5)P3 domains leads to an increase in the cytosol
PTEN concentration and consequently a change in theBiophysical Journal 105(9) 2199–2209
2206 Shibata et al.reaction kinetics of entire membrane regions. The result is a
reduction in the possibility for additional domain formation
and thus an increase in the probability of single domain
formation.Gradient sensing by persistently formed domains
We next study the third case when domains are persistently
formed by self-organization (Fig. 2 C). Under external
gradients, the domain still exhibits some motion. As the
steepness of an external gradient increases, the domain
motion is restricted at the high external concentration side.
The domain travels in a direction until a particular position,
at which point the domain changes its direction and returns
to the opposite direction. Repeating this process, the domain
motion exhibits a kind of zigzag pattern. This pattern is
similar to the experimental observation shown in Fig. 1 A.
Thus, the domain probability increases at the high-concen-
tration side along the gradient. The position precision of
the domain gradually increases with the increase in external
steepness (Fig. 3 D, red circle), whereas the polarity inten-
sity P changes slightly. Therefore, for gradient sensing,
the PtdIns(3,4,5)P3 domain position is biased toward the
direction of the gradient, and the degree of bias increases
with the increase in steepness.Wave sensing in the combined system of adaptive
and excitable motifs
So far, we have shown that the self-organizing signaling
system exhibits sharp responses to shallow gradients. We
also showed that the gradient sensing works by modulating
the threshold for generating self-organizing signaling do-
mains. One possible role of such a system is wave sensing.
Dictyostelium cells have been known to show directional
migrations in response to the concentration waves of
cAMP (33). Because waves consist of both positive and
negative gradients to the direction of motion, how cells
can migrate toward the center of waves has been debated
(44,45). A refractoriness of the signaling pathway after a
cAMP concentration increase is one possible mechanism
(44,45). Here, we consider a different mechanism of wave
detection, which is performed by the combined system con-
sisting of adaptive and excitable motifs.
In Dictyostelium cells, it has been demonstrated that a
temporal increase and decrease in cAMP concentration in-
duces increases and decreases in Ras activity, respectively,
which then returns to the baseline level (38). Such adapta-
tion kinetics underlie the detection of temporal changes
in a stimulus, as in the case of bacterial chemotaxis (46),
and the network motif including Ras in Dicsyostelium
cells operates similarly. In the present model of PtdIns
lipid signaling, Ras activity can modulate PI3K activity.
According to the results described in the previous section,
an increase and decrease in Ras activity probably decreasesBiophysical Journal 105(9) 2199–2209and increases the threshold value for domain forma-
tion, respectively. Combining the responses of Ras to
cAMP and PtdIns(3,4,5)P3 to Ras activity, the temporal
increase and decrease in the cAMP stimulus increases and
decreases the probability of PtdIns(3,4,5)P3–enriched
domain formation.
To demonstrate this idea, we introduced in the present
model a simple adaptive motif that changes both PI3K
membrane activity and PTEN membrane affinity (Fig. 2
A; see Materials and Methods in detail). Thus, the model
is similar in its mathematical essence to the LEGI-excitable
model (28). We performed numerical simulations for
stimuli that are spatially uniform and temporally either
increasing or decreasing, as shown in Fig. 6 A and B. The
result clearly indicates that the PtdIns(3,4,5)P3–enriched
domain was formed only when the stimulus increased
with time, demonstrating that the threshold for domain
formation can be modulated by temporal signals. We then
applied stimulus waves to the model. Fig. 6 C shows the
space and time concentrations of PtdIns(3,4,5)P3 and
cAMP (top and bottom, respectively) and the cAMP con-
centrations at q ¼ 0 and q ¼ p (red and yellow lines, respec-
tively). The PtdIns(3,4,5)P3–enriched domain formed and
was appropriately oriented when the cell experienced posi-
tive gradients with temporal increase, but this was not seen
for negative gradients with temporal decrease. When the
wave speed is too fast, cells cannot respond. When the
wave speed is too slow, the domain is formed in both direc-
tions, with positive and negative steepness (Fig. 6 D). In
conclusion, to sense the spatial direction of stimulus waves,
the adaptive motif detects the temporal change in the stim-
ulus, which is then transduced into spatial information by
the excitable motif, in the combined system. The property
of the sharp asymmetry formation of excitable motif pro-
vides a robust way for wave sensing.DISCUSSION
In our model, the self-organizing signaling system pro-
duces a sharp intracellular asymmetry in the distribution
of signaling molecules, which is independent of extracel-
lular guidance cues. Extracellular guidance cues modulate
the property of excitability at localized membrane regions.
The membrane region in contact with higher chemoattrac-
tant concentrations is more excitable than the other regions.
The sharp response to shallow gradients is thus made
possible by this biased excitability mechanism (Figs. 2
and 5). For a given steepness, the direction of the signaling
domain is distributed according to a circular normal distri-
bution (Gaussian distribution on a circle; Fig. 3 C), indi-
cating that the dynamics of domain direction can be
described by a relatively simple stochastic process. Once a
domain position is determined, a sharp internal gradient is
produced by the self-organizing process. The sharpness in
the gradient response is intrinsic to the self-organizing
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FIGURE 6 Wave sensing in the system with adaptive and excitable motifs. (A–B) The responses of PtdIns(3,4,5)P3 (top panel) for spatially uniform and
temporally increasing (A) and decreasing (B) stimuli (bottom panel). The concentrations were increased and decreased from c0¼ 108 to c1¼ 106 and vice
versa during 30 min. (C–D) The responses of PtdIns(3,4,5)P3 for waves with a period of 6 min (C) and 30 min (D). Temporal changes in the stimulus intensity
occur first at the anterior region (angle q¼ 0), and they are delayed from anterior to posterior (from q¼ 0 to 180), as shown in the bottom panels. Red solid
and yellow dotted lines show the cAMP concentrations at q¼ 0 and q¼ 180, respectively. For the excitable motif, the parameter values are given in Fig. 2 B.
For the adaptive motif, t ¼ 1 sec. For the wave, we used c0 ¼ 10-8M, c1 ¼ 10-6M and m ¼ 15 with periods T ¼ 6 min., X ¼ 3mm (C) and T ¼ 30 min., X ¼
15mm (D). Here, we determined the wave parameter values based on the previous report (43).
Internal encoding of external cue in chemotaxis 2207reaction and mostly independent of the external gradient.
Thus, the sharp response, as shown in Fig. 2 E, can be under-
stood as a convolution of the domain position establishment
by a simple stochastic process and the sharp domain forma-
tion by a nonlinear self-organizing process.
The localized signaling domain for gradient sensing
should exhibit reasonable responsiveness and readjustment
for directional changes in the external gradient, without
showing too much positional persistence. With these char-
acteristics, the domain is more capable of exhibiting wave-
like behavior or transient formation with repeated creation
and annihilation (25). The PtdIns(3,4,5)P3–enriched
domain actually has this characteristics as shown in both
mathematical model and experimental observation (Figs. 1
and 2).
Signals upstream of PtdIns lipids reactions are noisy (2).
To extract gradient information from the noisy signal, the
characteristic time of the localized signaling domain should
be slower than the time constants of noise in upstream sig-
nals (3). The signaling domain produced by self-organiza-
tion can work as an emergent parameter that stores
directional information, which can be controlled by external
gradients. Self-organization with spontaneous symmetry
breaking provides such a macro parameter, which varies
slowly, is controllable by external signals. Because slow
parameters can average out fast fluctuations according to
the law of large numbers, the signaling domain with sym-
metry breaking state has robustness against extra- and
intracellular noise (47). These properties are important for
robust gradient sensing. Because the PtdIns lipid signaling
pathway shows this characteristics, this pathway among
several parallel pathways is particularly indispensable forrobust chemotaxis in a shallow chemoattractant gradient.
Our results are naturally seen in many excitable systems,
although our present analysis was based on a particular
mathematical model.
Signals generated by self-organization could also be
effective in downstream processes. Because PtdIns(4,3,5)
P3 induces directional cell migration, molecular processes
in the motile activity such as cytoskeletal reorganization
should be coordinately activated. If the signal intensity
(the concentration of PtdIns(4,3,5)P3) increased quantita-
tively with external gradient steepness, then the weak
signal generated under shallow gradients would lead to
activation of some processes that have threshold values
lower than the signal intensity but not others with threshold
values larger than the signal intensity. As a result, coordi-
nated production of motile activity would become
complicated. However, based on our results with the self-
organization mechanism, the PtdIns(3,4,5)P3 concentration
in the localized domain is almost independent of the steep-
ness of the external gradient. Even in a shallow gradient,
although the domain position may not be accurate, the
signal in a localized domain could have an intensity suffi-
ciently larger than the activation threshold of most of the
downstream processes. As a result, the activation of a vari-
ety of downstream processes could take place synchro-
nously and thus motile activities could be produced
without the need for complicated coordination. Therefore,
it could be natural that the external gradient steepness mod-
ulates the domain precision and frequency to increase
chemotaxis accuracy. Such a mechanism enables a
signaling system to internally discriminate the external
gradient steepness.Biophysical Journal 105(9) 2199–2209
2208 Shibata et al.In this study, the polarization in the excitability was ex-
plained by the modulation in the threshold for excitation
at individual membrane regions along the cell body. In the
membrane region in contact with higher chemoattractant
concentrations, the threshold of signaling level for domain
formation is lower than the other regions. As mentioned,
the diffusional transport through membrane and cyto-
plasmic region may also play a role for the preferential acti-
vation along the gradient. More elaborated mathematical
analysis is necessary to elucidate the role of these effects
for the sensitive response to shallow gradients.
Previous studies have shown that the cell motility exhibits
persistence without much change in direction for a few mi-
nutes, implying that the cells have some directional memory
(10–12). The responsiveness for chemoattractant is also re-
ported to show a kind of memory effect in well-elongated
cells; the anterior region shows a quicker response than
the posterior region (48). With the present results, these
observations may be related to polarized excitability that
is established independent of extracellular guidance cues.CONCLUSION
In this paper, we studied theoretically the response of self-
organizing system to guidance cues. Our analysis indicated
that self-organized signaling domains respond sharply to a
shallow external gradient by increasing the precision of
polarity direction and modulating the frequency of self-
polarization. External guidance cues modulate the probabil-
ity of domain formation by changing the threshold for
domain formation along gradients. All these results indicate
that self-organizing activity, independent of external cues,
is the basis for the sharp responses to shallow gradients.
By combining with adaptive motif, such threshold regula-
tion can also work to sense sharply directional signals
from spatially and temporally changing stimulus waves.
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